EXECUTIVE SUMMARY
Nitric oxide (and nitrous oxide) emissions from coal-fired utilities depend primarily on how the coal is burned and to a lesser extent on the nitrogen content of the coal itself, even though most of the NOX produced originates from coal nitrogen. With a combination of tight, computerized combustion control, including controlling temperatures and the use of 1ow-NOX burners utilities should be able to meet the Clean Air Act Title IV NOX limits. For tangentially fired boilers the limits are 0.45 lbhnrn Btu (Phase I) and 0.40 Ib/mm Btu (Phase II). For drybottom, wall-fried boilers the limits are 0.50 lbhnrn Btu (Phase 1) and 0.46 lbhmn BTU (Phase II). Compliance for phase I is January 1996; compliance for phase II is January 2000. Emission limits for these laws and regulations are expressed as equivalent NOZ even though nitric oxide (NO), and to a much lesser extent nitrous oxide (NzO), are the chemical species actually emitted.
Local and regional regulatory agencies may place more stringent limits on utility NOX emissions than the Title IV standards in an effort to meet ambient air quality standards, especially in ozone nonattainment areas.
Powder River Basin (PRB) coal offers an advantage for utilities meeting NOX limitations because it is a more reactive coal and when burned in a utility boiler fitted with 1ow-NOX burner technology can produce 20% less NOX than burning an eastern bituminous coal. While this may not seem like a major improvement, because the U.S. Environmental Protection Agency (EPA) has set Phase H limits near what 1ow-NOX burner and tight combustion control is technically capable of achieving, any improvement will help. This is providing, however, that the furnace is clean and well maintained, as a dirty furnace with slag buildup will result in higher burning temperatures and increased NOX. Burning PRB coal can result in more furnace slag buildup than when burning eastern coals. This buildup is not easily removed with soot blowers; frequent cleaning with waterlances is required.
Nevertheless, in laboratory and in pilot plant demonstrations using more reactive, subbituminous coals NOX emissions have been lower than those from bituminous coals. NOX emissions lower than those from eastern coals have also been demonstrated in power plants burning PRB coal. The greater reactivity is related to the higher quatemary nitrogen functionally (compared with pyridinic and pyrolic nitrogen functionality) of subbiturninous coal (including PRB coal), which produces less NOX when burned in 1ow-NOX burners. The term "quatemary"
does not mean a four-ring structure but refers to what is believed to be a six-ring structure containing nitrogen with oxygen as part of the ring. This report reviews laboratory and pilot plant work on NOX emissions related to coal nitrogen structure, as well as the experience of utility with NOX emissions burning PRB coal.
INTRODUCTION
The objective of this report is to estimate the NOX emissions produced when Powder River Basin (PRB) coal is combusted in a utility boiler. The Clean Air Act regulations specify NOX limits of 0.45 lb/mm Btu (Phase I) and 0.40 lb/mm Btu (Phase II) for tangentially fired boilers, and 0.50 lb/mm 13tu (Phase 1) and 0.46 lbh-nm Btu (Phase II) for dry-bottom wall-fired boilers.
The Clean Air Act regulations also spec~other limits for other boiler types.
Compliance for Phase I has been in effect since January 1, 1996. Compliance for Phase II goes into effect on January 1, 2000. Emission limits are expressed as equivalent N02 even though NO (and sometimes N 20) is the NOX species emitted during combustion. Regulatory agencies usually set even lower NOX emission limits in ozone nonattainment areas.
In preparing this report, Western Research Institute (WRI) used published test results from utilities burning various coals, including PRB coal, using state-of-the art control technology for minimizing NOX emissions. Many utilities can meet Clean Air Act NOX emission limits using a combination of tight combustion control and 1ow-NOX burners and by keeping furnaces clean (i.e., no slag buildup).
In meeting these limits, some utilities also report problems such as increased carbon in their fly ash and excessive furnace tube corrosion. This report discusses utility experience,
The theory of NOX emission formation during coal combustion as related to coal structure and how the coal is combusted is also discussed. From this understanding, projections are made for NOX emissions when processed PRB coal is combusted in a test similar to that done with other coals. As will be shown, there are a lot of conditions for achieving low NOX emissions, such as tight combustion control and frequent waterlancing of the furnace to avoid buildup of deposits.
THEORY OF NOX FORMATION DURING COMBUSTION General Comments
Essentially all NOX emitted during combustion of coal is nitric oxide (NO). Two important exceptions are (1) combustion of coal in fluidized beds and (2) urea injection into a coal-fired furnace, either of which results in some nitrous oxide (NZO) which is emitted from the stack. The N2 O concentration in the stack resulting from normal combustion of pulverized coal is in the 1 to 5 ppm range compared with several hundred parts per million of NO, but Nz O concentration from fluidized bed combustion is in the 20 to 250 ppm range (W6jtowicz et al. 1993 ). Nitrogen dioxide (NOZ) is not formed during normal coal combustion but is formed later 1 when the stack gas is cooled and NO reacts with air oxygen. Rapid quenching of combustion products promotes large concentrations of N02 (Lin 1996) . While the lifetime of NO and NOZ may be in the order of days, NzO is persistent in the atmosphere and is an important greenhouse gas. Regardless of the form of NOX emitted, U.S. government regulations are in terms of equivalent NOZ .
Formation of NOX is due to three mechanisms: (1) thermal NOX , (2) prompt NOX, and (3) fuel nitrogen. Coal nitrogen contributes between 50% to perhaps up to 95% of the total NOX, depending on how the coal is burned. The NOX derived from coal nitrogen may be either produced from homogeneous gas phase reactions through HCN and NH~intermediates or from heterogeneous reactions taking place on the coal char surface. To complicate the picture, NO produced from homogeneous reactions can be reduced to N2 by contact with coal char carbon.
At this time, it is not possible to predict NOX emissions for a practical coal combustion situation based on solving individual reaction rate equations, even using computers, although there have been attempts reported in the literature. While the gas phase reaction rate constants have been worked out, the heterogeneous reactions taking place on the char surface have not been described for general situations. Reaction rates on char surfaces are strongly influenced by the mineral content, especially iron and trace metals.
Yang and Puri 1993 have published a list of reaction rate constants for 234 homogeneous gas phase reactions involving combustion of hydrocarbons and interactions with nitrogen.
Additional rate constants are in Zabarnick 1992 . Chen et al. 1996 have used these rate constants and derived a fuel-NO rate expression for the homogeneous gas phase combustion, applicable for reburning situations. Chen et al. 1996 also caution that formation and destruction rates of NOX are the same magnitude as turbulent mixing rates, and the equilibrium assumption usually done to simplify the mathematics is inadequate when calculating NOX concentrations. It is not possible with today's knowledge to fully describe coal combustion and predict a NOX emission using mathematical relationships, mainly because of lack of information on heterogeneous reactions.
Thermal NOX
Significant thermal NOX only occurs at high flame temperatures (>2300°F or 1260"C). It is formed by reaction of oxygen and nitrogen in the air. Generation of thermal NOX is exponential] y dependent on temperature and square-root dependent on oxygen. Roughly 40 times the amount of NOX is produced at 2700"F than at 2250"F, for example (Colannino 1993) .
Minimization of thermal NOX involves reducing the peak flame temperature and lowering oxygen concentrations near the flame zone. Most thermal NOX is formed at the portion of flame close to the burner, where oxygen and peak flame temperature is the highest. With good furnace and burner design, thermal NOX formation during coal combustion can be kept very low. Thermal 2 NOX formation during coal combustion becomes significant in tight furnaces such as with cyclone furnaces or furnaces with significant slag buildup, either of which result in higher temperatures.
Prom~t NOX
Prompt NOX is formed from reaction of hydrocarbons with air nitrogen and oxygen. It is created from partial-combustion products such as CH" very close to the flame front, and forms at temperatures cooler than those for thermal NOX. It is not possible with present burner technology to completely eliminate prompt NOX; the first 15 to 20 ppm of NOX generated during combustion of hydrocarbons, including coal, is due to prompt NOX (Colannino 1993) . The use of oxygenated fuels, such as methanol and ethanol, reduces prompt NOX when burning gasoline.
The primary NOX formation route when burning natural gas is prompt NOX. Dupont et al. 1993 reviewed the formation of NOX in natural gas flames, including publication of rate constants. The principal prompt NOX route is through the reaction CH. + NZ + HCN + Nwhich is followed by N"+OZ+NO+O" N" + CH3 . + HCN + Hz
The HCN converts to NO and N2 (see reactions for HCN under coal nitrogen). The CH. is formed in the burning process (e.g. CHA + OH. + CH3 . + H2 O; CHj . + OH. + CH2 " + H2 O; etc.).
Coal Nitroven NOX
When coal is combusted, the nitrogen portion is converted to nitric oxides and nitrogen gas. The fraction of NOX nitrogen to total nitrogen in the coal depends primarily on how the coal is burned and to a relatively minor degree on the coal itself. Unlike thermal and prompt NOX, coal nitrogen NOX can form at temperatures as low as 700°C ( 1292°F). Cai et al. 1993 (Kambara et al. 1995) that it produces mostly char-N and HCN and possibly some NH3.
Pyrolysis studies (Varey et al. 1996; Bassilakis et al. 1993 ) have also demonstrated that rapid heating and higher temperatures favor more HCN, but slower heating and lower temperatures favor more NHs as an intermediate. W6jtowicz et al. 1995 has found that pyrrolic nitrogen going through the HCN and char-N route is first converted to a pyridinic group and that char-N is a 6-ring structure mostly of carbon atoms but with the volatile component removed.
Nitrogen oxides and molecular nitrogen may be produced either as a homogeneous, gas A similar set of reactions can be written for NH3, with fuel-lean conditions favoring NO and fuel-rich conditions favoring Nz.
In addition, HCN can react with coal hydrogen in the coal pores to form NHs (13assilakis et al. 1993) . A slower coal heating rate allows more time for this reaction to take place. Rapid heating during pyrolysis produces more HCN, but slower heating produces more NHs.
In reburning schemes, a small amount of secondary fuel is injected into the products from the main combustion zone. The secondary fuel could be pulverized coal, but some utilities use natural gas, which does not contain fuel nitrogen. The natural gas portion typically represents 10 to 20% of the total fuel burned on a heat content basis. When natural gas is burned, hydrocarbon free radicals are formed, which react with NO produced in the primary combustion zone.
NO + CH" -+ HCN + 0" NO + CHZ " + NCO. + Ha
NO + CHS " + HCN+ H20
The HCN formed may then react to form NZ under oxygen-lean conditions or it may reform NO if the oxygen concentration is too high.
Niksa and Cho 1996 of SRI International concluded after studying conversion of fuel nitrogen in pulverized coal flames that NO production shuts down if hydrocarbons are present but become the main coal-N conversion channel in their absence. The inception point for NO production is determined by consumption of Oz among all fuel components including soot and char. As long as there are hydrocarbon radicals present, Nz is the only stable product of fuel-N conversion.
German researchers (Spliethoff et al. 1996 ) studying coal rebuming (also called fuel staging) reported that increased residence time in the primary zone reduces NOX emissions, leading to optimum rebuming (minimum NOX) under fuel-lean conditions. They also reported that more reactive European brown coals produced less NOX emission than bituminous coals, and the NH3 intermediate produced less NOX than the HCN intermediate, all under fuel staging conditions. As verified by other researchers, the authors found NOX emissions increase with temperature and with increased air. German utilities (Maier et al. 1994 ) have reduced NOX emissions by a factor of two (-400 ppm to -200 ppm at 6% 02) by using rebuming.
Low-NOX burners work on the principle of controlling combustion by staging air introduction to the flame to ensure that the primary burning zone takes place under air-starved 6 (fuel-rich) conditions. The air is added in several stages and/or fuel is added in two stages to ensure that hydrocarbon radicals are present to react with nitric oxide without resulting in unburned carbon in the ash. Coal-fired utility (tangentially fired) boilers using 1ow-NOX burners have successfully reduced NOX emissions to the 0.35 to 0.5 lb NOx/mm Btu range. Wang et al. 1996 has commented that 1ow-NOX burners have successfully reduced thermal and prompt and gas-phase, fuel-derived NOX emissions but are not very successful in reducing the char-N component. Wang et al. 1996 estimate that 60 to 90% of the NOX left after installation of Iow-NOX burners originates from the char-N component. Cai et al. 1993 say the same, estimating 60 to 95% of NO originates from cnar-N when using 1ow-NOX burners. This compares with 60 to 80$%0 NOX emissions derived from gas phase reactions when Iow-NOX burner technology is not used during pulverized coal combustion ). The char-N can be combusted to Nz or NO, and NO formed previously can be reduced by carbon char to Nz.
Higher-ranked coals formed more NO from coal-N, and lower ranked coals formed more N2, when different coal chars were combusted in an entrained flow test reactor. The authors (Wang et al. 1996 ) attributed this to a greater surface area (from volatiles leaving the coal), allowing NO to be reduced on the surface or in the pores of the char. Varey et al. 1996 looked at NO formation during combustion of different coals in a temperature-programmed reactor using 20% oxygen and 809i0 helium as the combustion gas, with sampling of pyrolysis intermediates and NO directly above the sample. The NO-to-coal nitrogen ratio (NO/N) increased significantly with temperature at 50910bumoff. The authors classified the various coals into marceral density fractions, with vitrinite being the most reactive and having the lowest temperature at 50% bumoff. Fusinite was the least reactive marceral and had the highest temperature at 50% bumoff and highest NO/N. Vitrinite char was more reactive and led to a greater reduction of NO to Nz on its surface. The Wyodak coal tested had a marceral analysis of 89% vitrinite and 11910inertinite (another marceral fraction) by volume.
Niksa and Cho 1996 found that char, soot, and noncondensibles when a subbituminous coal (Dietz) was burned in a laboratory quartz burned simultaneously tube flow reactor. A bituminous coal (Pittsburgh No. 8) char oxidation rate was slower. When the char oxidation rate is comparable to the noncondensible and soot oxidation rates, there are free hydrocarbon radicals to react with any NO produced previously. Pease et al. 1993 of ABB Power Plant Laboratories (Windsor, Connecticut) advocate preliminary testing of coals in pilot plant setups to access the impacts of utility coal switching from eastern to western low-sulfur subbituminous coals. The authors state that the higher combustion reactivity of subbituminous coal compared to bituminous can be advantageous from a carbon burnout standpoint under low NOX firing applications.
Effect of Mineral Content on NOX Emissions
The mineral content of the coal affects the NOX reactions taking place on the char surface during burning.
emissions, especially the heterogeneous
The minerals act as catalysts promoting a particular conversion pathway rather than taking part direct] y. This is one area where reaction rate constants have not been determined, and therefore it is not possible with today's technology to develop a computer program to predict NOX emissions for a given coal and burning configuration.
A high iron content promotes the conversion of coal nitrogen to Nz rather than to NO, for example. Ohtsuka et al. 1993 and Mori et al. 1996 demonstrated that Nz formation from coal nitrogen was greatly promoted when various pulverized coals were doped with iron from precipitated FeCls solutions and pyrolyzed in a fluidized bed reactor. During pyrolysis tests in a helium atmosphere at 900"C, 50 to 60% of the coal nitrogen was converted to Nz rather than HCN and NH3 when the raw coal was doped with 3 to 7% iron, compared with about 3%
conversion to Nz without the iron. Even at 0.73 % iron, the amount of N2 formed relative to HCN and NH3 under pyrolysis conditions was 12 times that for a test run with no iron added.
The nitrogen content of the chars with iron following pyrolysis was either the same or lower than chars produced without iron (depending on the coal).
Lepptilahi et al. 1991 also found under pyrolysis conditions at 900"C that the presence of iron catalyzed the destruction of NH3 and HCN from coal nitrogen, forming N2; the authors also found that limestone or dolomite added to the raw coal catalyzed the destruction of HCN but not NH3. At 800°C, iron was much less effective in catalyzing the destruction of NH3 and HCN.
The iron catalyst was added to the coal as ultrafine particles slurried in an acetone matrix and acetone evaporated. Silica or silicon carbide did not promote the conversion of NH3 and HCN from coal pyrolysis to N2.
The cationic mineral composition from ash analysis is presented in Table 2 for six different coals.
In the original coal, the minerals are present as complexes containing carbonates, bicarbonates, chlorides, and sulfates, but the analyses are reported as equivalent oxides. 
Formation of N20 from Coal Nitrogen in Fluidized Bed Combustors
Nitrous oxide (N20) is a persistent greenhouse gas and has been implicated in destruction of stratospheric ozone. According to W6jtowicz 1993, its Relationship between coal-N and NOX emissions; also (Kambara et al. 1995) Areas of the country where ambient air quality standards are not met are called nonattainment areas for that pollutant. States must submit a plan to the EPA outlining how they will achieve attainment. Because large sources, such as utilities, are easier to target and control than many small sources, the result is that state or regional permitting agencies often set lower NOX emission limits than that specified under Title IV Section 407. Table 4 .) The NOX emissions listed in Table 5 are given as calendar year averages. Also, quarterly reports must be sent to the U.S. EPA. States may adopt an "emissions cap and trade" program in which utilities may over-control at one plant to offset emissions at another plant, providing that overall NOX emissions are less than if each plant met the limits. The three pollutants that affect NOX emission limits set by regulatory agencies are NOX, ozone, and particulate. Current and proposed national standards for these pollutants are listed in Table 6 . The Clean Air Act requires the EPA to review national ambient air quality standards every five years and set new standards based on health considerations. The country is now in compliance with NOX standards, but there are nonattainment areas for ozone and particulate.
NOX LAWS AND REGULATIONS FOR COAL-FIRED ELECTRIC POWER PLANTS
This will be especially true if the proposed standards take effect.
Ozone is a component of smog produced when nitric oxides react with organic compounds in the air. The proposed 2.5 pm size limit for particulate is in the range of nitric oxide condensation products (the brown haze around some cities from volatile organics, sulfur dioxide, and nitric oxides). Although coal-fired power plants probably contribute 20% (source: Nescaum, in Power Feb. 1994) to ambient NOX (compared with 45% from transportation sources and most of the remainder from agriculture fertilizers), it is easier for regulatory agencies to target a few large sources than many small sources. In a December 13, 1996, press release, the EPA estimates that electric utilities contribute approximately 33% of the NOX emissions.
Another part (Title I, Part D) of the Clean Air Act that affects limits on power plant NOX emissions is Section 169A on visibility protection for Federal Class I areas (for example, Grand
Canyon National Park). This is also related to the brown haze problem. The result may be more stringent emission limits for some facilities than if they were located in other parts of the country.
U.S. EPA Regulations (40 CFR Part 60.44]
The EPA regulations establish NOX emission limits by coal type rather than by the type of boiler. (See Tables 7 and 8 .) All NOX emission rates are expressed in terms of equivalent NOZ even though NOX is emitted typically as NO and sometimes as N20. State or regional permitting agencies may specify more stringent NOX limits than EPA regulations in order to meet ambient air quality standards in nonattainment areas. These are separate, stand-alone regulations from the Clean Air Act now in effect. The utility must meet whichever is most stringent.
If a mixture of coals or a mixture of coal and natural gas is used, the emission limit is prorated according to the heat value of the fuel. NOX emission limits for natural gas are either 0.10 or 0.20 Ib/mm Btu, depending on the heating rate and size of the facility. Using natural gas as a reburning fhel in a coal-fired power plant is one of several methods available that effectively reduce NOX emissions. A utility employing this approach might derive 20% of the heating value from natural gas and 80% from coal, but the NOX reduction achieved maybe more than offset by the more stringent EPA limit for coal alone. A fuel-neutral NOX emission limit of 0.15 Ib/mm Btu under consideration by the EPA was shelved, at least for now. This limit would apply to utilities regardless of the kind of fuel. Critics pointed out that the limit was not fuel-neutral, as economics favored switching to natural gas.
The limit could be met with coal only by applying very expensive technologies. 2. An F factor is calculated (Method 19 calls the oxygen-dry basis F factor F~). The utility has the option of either using an F factor based on the type of coal burned or calculating an F factor from the coal ultimate analysis. (See Table 9 .) 
POWER PLANT COMPLIANCE WITH NOX EMISSION LIMITS

General Comments
In a Dec. 13, 1996, press release, EPA estimates that 85 to 90% of the coal-fired power plants can meet Clean Air Act Title IV Phase II NOX emission limits by employing a combination of low NOX burners and good computerized combustion control. Some utilities have reported improvement by switching to a different coal. If regulatory agencies impose more stringent standards, then additional technologies may need to be used, such as rebuming using natural gas or other fuel, selective catalytic reduction (SCR) or selective noncatalytic reduction (SNCR) technologies.
More stringent requirements are based on the Clean Air Act Title I compliance (ground-level ozone and smog air quality) rather than on Title IV compliance (specific NOX emission limitations).
There is a lot of competition among equipment vendors offering technologies promising low NOX emissions, and some have complained (Leone 1994 ) that promises of low emissions have encouraged regulators to set even lower NOX emissions as a condition for power plants to obtain construction permits. This section reviews technologies used by new and existing power plants. Many plants use a combination of technologies.
Keepinz the Furnace Clean
In a paper (Boocher 1995) 
Kind of Furnace
While switching furnaces may not bean option for utilities, it should be mentioned that the kind of furnace affects NOX emissions and NOX reduction capability. Furnaces with generous dimensions are more capable of minimizing NOX formation and completing carbon dioxide burnout. Tight furnaces with high release rates are conducive to increased NOX emissions.
Operating temperatures in tight furnaces are generally higher, which leads to the formation of thermal NOX. Wall-fired and tangentially fired units are more easily retrofitted with 1ow-NOX burners than cyclone or turbo furnaces. Circulating fluidized bed boilers inherently operate at lower temperatures and have lower NOX emissions than pulverized coal boilers, but can emit some N2 O. Cell burners (manufactured in 1950s and 1960s) rapidly mix pulverized coal and combustion air resulting in highly turbulent and efficient combustion, but NOX emissions are high, typically 1.0 to 1.8 lbhrn Btu.
Coal Switching
Much has been published (Makansi 1994a; Krarneric and Rupinskas 1996; McComas and Morris 1995) on coal switching as a method of meeting Clean Air Act compliance for sulfur dioxide. Very little has been published on NOX. Many utilities have switched to low-sulfur, western subbituminous coal as a method of compliance. Alternatives such as full scrubbing have disadvantages, for example, scrubbing may rob the utility 8% of its power production and there are scrubber solids disposal costs. Switching from eastern to Powder River Basin (PRB) coal also involves major modifications in coal handling, coal preparation, to the furnace itself, and ash handling. Makansi 1994a has documented experiences of several utilities in switching to PRB coal.
Documentation on NOX is complicated by the fact that changes in coal also change combustion characteristics, and equipment must be optimized for burning that coal. There is mention of a reduction in NOX emissions from an unnamed facility (Makansi 1994b ) with low-NOX burner technology installed when it switched from high-sulfur Illinois coal to PRB coal.
When a utility switches from a high-sulfur coal to PRB coal, many other changes are made, so it is difficult to get a comparison based on the effect of a coal change only.
The University of North Dakota (Zygarlicke et al. 1995) compared the NOX levels in parts per million of four different coals combusted in a bench-scale drop tube furnace, first under normal conditions and then under lower temperatures and low excess air conditions. Every effort was made to control temperatures, oxygen concentrations, and retention times so that the conditions were the same. See Table 11 . 
Tight Comtmterized Combustion Control
Optimized combustion control is essential (Makansi 1996a) After testing the Neusight package at its New Castle Unit 5, Pennsylvania Power and Light reported a 25% reduction in NOX emissions, which was enough to enable it to meet limits set by state regulators without installing Iow-NOX burners (Makansi 1996a the Goudey Station. It should be mentioned that I takes months to achieve these results, even after the necessary modifications are installed to optimize the boiler.
Low-NOX Burners
The use of 1ow-NOX burners is closely tied with optimum combustion 1993 has listed the following ten prerequisites for optimum combustion:
1.
2.
3.
4.
5.
6.
7.
The furnace exit flue gas must be oxidizing (-3% excess oxygen).
Fuel fineness must be greater than 72% passing 200 mesh and less than 0.5% mesh.
control. Storm remaining on 50
Fuel distribution must be within the range of A 5~o to& 1O$?O from burner to burner.
The primary air flow must follow a defined "ramp;' usually with an air/fuel ratio of 1.8:1 at high pulverizer loads.
The primary air flows from each pulverizer must be measured and controlled for balance (within 10%) compared with other pulverizers.
Secondary air flow to each group of burners must be proportional (within 10%) to the fuel supplied to the individual burners.
Overfire air must be measured and controlled.
Fuel flowtotie
pulverizers must remeasured andcontrolled tothebest tolerances available.
9. Wlverized-coal linevelocities must remain above titimum velmity atlowloads to finitim fuel settling and line plugging.
10. The fuel rate to the pulverizers must be constant with smooth flow rate changes during boiler load changes.
Low-NOX burners work on the dual principle that NOX emissions are reduced by depressing combustion-zone temperatures and by delaying the admission of suf%cient oxygen to complete combustion in an internally staged burner with overfke air ports (OAP), or with fuel staging. The major problem with Iow-NOX burner retrofits is that they can easily leave unburned carbon in the ash. If unburned carbon remains in the ash, the power plant is not fully using the heat content of the fuel; also, the ash itself may be unsuitable for reuse applications, such as construction.
To minimize unburned carbon, the burner equipment must be properly designed, and combustion control must be optimized. Examples of 1ow-NOX burner retrofits are presented in Table 12 . 'ners: S-burner is a sliding damper wrier with air measurement features; DRB-XCL is a dualregister burner with sliding damper of S-burner~pe marketed by Babcock & Wilcox; OFA means overfiie air ports; fuel staging means that the fuel is split into two streams, each burning with a different stoichiometry; Riley Stoker Co. CCV burner is a controlled combustion venturi retrofit that uses neither OFA nor fuel staging; ICL (International Combustion Co. of Atlanta, GA) has also developed a low NOX burner with an option of separated overfke air (SOFA); the ABB C-E Services, Inc., Windsor, Corm. burner is described by Jones 1995b.
Several authors (Jones 1995b; Storm 1993) have emphasized that utilities cannot simply install Iow-NOX burners in an existing boiler and expect to see major reductions in NOX emissions. Experience demonstrates that burner retrofits require more precise combustion and fuel flow management than the original designs.
Foster Wheeler has summarized its field experience (Steitz and Cole 1996) with 1ow-NOX burners in wall fired installations. The design of 1OW-NOX burners is critical; the authors remark that even very minor changes in the discharge configuration of the nozzle design has resulted in NOX reductions on the order of 25-30%. Additional field experience with other 1ow-NOX burners is summarized by Thompson et al. 1996 .
Power magazine (a McGraw Hill publication) maintains a web site at where utilities can communicate their experience using low NOX burners (http.//wwpowermagatom;m; click under "LNB Challenge"). Some of this information is summarized in the public domain (Jones 1997 ).
The two main problems that have surfaced using Iow-NOX burners are (1) The problem is trying to maintain a tight balance between the need to have a fiel-rich reducing atmosphere for minimum NO formation but also have an oxidizing atmosphere to minimize tube wastage and unburned carbon in the flyash. Tight, computerized control of the fuel/air characteristics helps achieve the right balance, but judging from utility response (Jones 1997) it is not an easy thing to accomplish. For example, in a test (Trego et al. 1995 ) with a wallfired unit, PECO could achieve 0.44 lb NOx/mrn Btu at 3% carbon in their flyash (B&W DRB-LCL 1ow-NOX burner) and 0.34 lb/mm Btu at 11.3% carbon in their flyash. necessary to keep the furnace clean using waterlances to remove any slag buildup, otherwise NOX concentrations will increase (Hill 1996) . The lower sulfur content of beneficial in reducing water tube corrosion. The experiences of three high-sulfur eastern coal to PRB coal are documented by Krameric
McComas and Morris 1995.
Natural Gas Co-Firinz and Reburning Natural gas co-firing is the combustion of natural gas with coal PRB coals should also be utilities in switching from and Rupinskas 1995 and in the primary combustion zone of coal-fired boilers. In most co-firing applications, the natural gas contribution is limited to about 20?10of the thermal input. The gas may be supplied by igniters, warmup guns, or gas burners. Benefits are (1) increased capacity, (2) improved precipitator performance, (3) enhanced coal-switching capability, (4) reduced boiler startup and warmup times, and (5) reduced S02 and NOX emissions.
Rebuming is a co-firing technology specifically directed towards reducing NOX emissions.
In gas rebuming, natural gas is injected into the boiler above the main heat-release zone to convert nitric oxide (NO) to molecular nitrogen. According to Swanekamp 1996 , maximum NO reduction is achieved when sufficient gas is added to create sub-stoichiometric conditions in the rebum zone; following the rebum zone, overfire air must be added to complete the process.
Natural gas provides 15 to 20% of the heat input. Overall NOX emissions are reduced by 50 to 75910,as shown in Table 13 .
Selective Catalvtic Reduction (SCR]
Ammonia is added to the flue gas to reduce NOX to water and elemental nitrogen. The reaction normally proceeds at temperatures between 1600"F and 2200"F (871 'C and 1204°C), but a catalyst is used to promote the reaction at a lower temperature. The technology can be used to achieve 90% and greater NOX reduction in oil-fired or gas-fired units, which have a more In a coal-fired unit, the SCR unit may be placed either between the economizer and air heater, between the particulate collection device and a flue-gas desulfurization unit, or after the flue-gas desulfurization unit. In a gas-turbine application, the SCR unit is typically placed within the heat recovery steam generator.
Several classes of catalysts maybe used. One class is primarily aluminum oxide. Another formulation includes vanadium pentoxide (the active ingredient) and titanium dioxide or aluminum oxide (a carrier) with tungsten trioxide (reduces unwanted S02 oxidation to S03). Sometimes both SNCR and SCR technologies are used, with the formulation injected at multiple ports, including the furnace, and a catalyst in the flue gas ductwork. Also, a stand-alone SNCR maybe installed and a catalyst structure added later as a polishing step.
CONCLUSIONS
. The NOX emissions that occur as a result of coal combustion depend primarily on how the coal is burned and only to a minor extent on properties of the coal itself. The NOX emissions may be classified into (1) thermal NOX , (2) q Based on (1) the relative proportions of quatemary, pyrolic, and pyridinic nitrogen functionality groups in the coal, and (2) the coal nitrogen, Powder River Basin coal is predicted to result in roughly 20% less NOX emission than many eastern U.S. coals when burned in utility boilers employing tight combustion control and 1ow-NOX burners.
Unpublished utility data from the Electric Power Research Institute also show roughly 20%
less NOX emission when switching to PRB coal.
. One warning is that utilities burning PRB coal can experience increased slag buildup, higher temperatures, and as a result, higher NOX emissions. Frequent cleaning (e.g use of waterlances at some utilities) is required for those situations.
